Almost 600 diamond crystals from Western Russian kimberlite pipes of the Arkhangelsk area and Kola Peninsula and from placer deposits of the Urals and Timan areas were studied with IR spectrometry methods, in order to evaluate the presence of nitrogen and other impurity centers. The crystals differ in their total nitrogen contents and in the concentration of individual structural impurities according to their provenance. There are differences in the temperature of formation of diamond from each deposit: from 1075-1100°C for the Arkhangelsk suite to 1125-1150°C for the Timan and Urals suites. Diamond crystals with octahedral zoning (tangential mechanism of growth) are characterized by the lowest contents of nitrogen, and have a rather uniform distribution of impurity centers. Samples with combined mechanisms of growth demonstrate a paradoxical relationship between temperatures of formation for the central and marginal zones of the crystals; temperatures calculated for the cores are 15-50°C lower than those estimated for the marginal zones. This paradox is caused by differences in the mechanism of growth. Diamond crystals with octahedral zoning were formed under equilibrium conditions, whereas crystals with normal or combined mechanisms of growth had a rate of crystallization probably higher than the rate of aggregation of nitrogen atoms in the crystals. The latter were formed under non-equilibrium conditions. As a result, values of the temperature of formation determined by IR spectroscopy are only realistic for those crystals that grew under equilibrium conditions. For crystals with normal and combined mechanisms of growth, temperature values calculated from IR data may be unrealistic, as they also depend on the kinetics of the crystallization process.
INTRODUCTION
Western Russia hosts a number of diamond deposits. They are located within the East European (Russian) platform, mostly along its marginal zones. Among these deposits are diamond pipes of the Arkhangelsk (East European) diamond province (including the commercial Lomonosov and Grib pipes) and diamond placers of Timan and the western slope of the Urals (Fig. 1) ; the primary sources of those placers are as yet unknown.
Most of the diamond crystals from the East European platform deposits have rounded habits (dodecahedroids and combination-type forms in the octahedron to rhombic dodecahedron series), with octahedra, cubes, cuboids and tetrahexahedroids present in minor amounts.
Two distinct "populations" of diamond crystals have been identified in the kimberlite pipes of the Lomonosov deposit: (1) small (<1 mm), flat-faced octahedra, and (2) larger, rounded dodecahedral crystals. Along with this difference, the concentration of nitrogen structural impurity in diamond also differs, which may be evidence of differences in temperature of formation for the diamond crystals in that suite, and possibly a sequence of different stages in the formation of natural diamond (Kaminsky & Khachatryan 2001) . Our main objective in this study is to thoroughly examine nitrogen centers in diamond crystals from a number of deposits within the East European platform, to gain further insight into the conditions of their formation. For reliable genetic interpretation, we used the results of our previous study (Kaminsky & Khachatryan 2001) ; in addition, we examined the distribution of nitrogen centers in diamond with zonal internal structures, paying particular attention to nitrogen impurities in diamond microcrystals. Robertson et al. (1934) , pioneers in the examination of structural defects (impurities) in diamond, identified two types of crystals, I and II. Their ultraviolet transparency and infrared (IR) absorption spectra revealed FIG. 1. Sketch map of the diamond deposits in the East European (Russian) platform.
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ANALYTICAL METHODS
IR absorption spectra of the diamond samples in our study were recorded using the Specord M-80 spectrophotometer (Carl Zeiss, Jena) , with a beam condenser operating within the spectral range of 4000 to 400 cm -1 . Spectral resolution is 6-10 cm -1 . The relative error in the concentration of nitrogen impurity is ±10 to 20%. Local IR analyses of diamond crystals were made with plates cut off along the [110] direction from rounded crystals (dodecahedroids), which were selected from a representative collection of Uralian samples of diamond.
In order to evaluate the concentrations of A and B nitrogen centers, we used the analytical formulae of Boyd et al. (1994 Boyd et al. ( , 1995 , according to which the concentration of A + B nitrogen centers in diamond is directly proportional to IR absorption coefficient values for the spectral peak at 1282 cm -1 . As in most cases, natural diamond belongs to the combined IaAB type; we decided to follow the method of interpretation of spectral characteristics proposed by Mendelssohn & Milledge (1995) . The relative proportions of the "platelets" (P) and the hydrogen (H) structural impurities in the diamond were estimated in this study in arbitrary units, more precisely, in absorption coefficient values measured, respectively, at 1365 and 3107 cm -1 .
CHARACTERISTICS OF THE DIAMOND SAMPLES
In this study, we dealt with diamond crystals from the following areas and deposits (Fig. 1, Table 1 ): 1) kimberlites of the Lomonosov deposits (pipes: Pomorskaya, Arkhangelskaya, Karpinsky-1 and Lomonosov), 2) kimberlites of the Terskii Bereg from the Kola Peninsula (pipe Yermakovskaya-7), 3) placers of the Northern Timan, 4) placers of the Middle Timan, 5) placers of the Northern Urals (Vishera area), and 6) placers of the Middle Urals (Koivo-Vizhai area).
In general, the number of diamond samples taken for study, to represent each of the aforementioned areas, varied from 15 to 159 crystals. The greatest quantity of diamond crystals (414, including 37 microcrystals) was selected from kimberlite pipes of the commercial Lomonosov deposit. For these pipes, we examined representative groups of diamond crystals of differing grain-size, morphology and internal structure. Among crystals exceeding 1 mm is a group of flat-faced octahedral crystals with trigonal faces and rectilinear edges (26 crystals). Diamond crystals of this type are present in very minor amounts in comparison to dodecahe-droids. The +1 mm octahedra are similar in morphology to the octahedra of diamond in the -1 mm size class.
The set of diamond crystals from the Yermakovskaya-7 pipe (Terskii Bereg) consisted of 31 crystals, with approximately equal proportions of +1 mm crystals and -1+0.5 mm microcrystals. Diamond microcrystals from this pipe, like the diamond microcrystals from the Lomonosov deposit, are dominated by octahedra. However, the proportion of dodecahedroids among the Yermakovskaya-7 microcrystals is also considerable.
Data on the distribution of optically active centers in diamond from Northern Timan were partly obtained during this study, and partly taken from Klyuev et al. (1974 Klyuev et al. ( , 1979 and recalculated using the method described above. With the exception of the collection of diamond crystals from Northern Timan (15 crystals), suites from the other pipes and placers included in this study are statistically representative: the proportion of different morphological varieties of diamond in these collections agrees with corresponding parameters of the statistical distribution of habits according to the observations of Zakharchenko et al. (1993) . population II (Table 1) . On the basis of these characteristics, placer diamond crystals of the Northern Urals and population-II diamond crystals of the Middle Urals are similar to diamond crystals from the Lomonosov deposit kimberlites, whereas population-I crystals from Middle Uralian placers are similar to placer diamond crystals from the Coromandel area in Brazil (Figs. 2, 4, 5) . In order to examine the correlation between the characteristics of nitrogen impurity centers and structural features of diamond crystals, we thoroughly studied the distribution of optically active centers in diamond plates cut from seven dodecahedroids from the Northern Urals. These seven crystals were selected as typical representatives from several hundred diamond crystals from the Northern Uralian placers. The internal structure of the crystals was previously studied by Gurkina (1980) using the method of anomalous birefringence and X-ray topography after Lang (1965) . Among the analyzed samples were representatives of the following varieties of diamond ( Fig. 6 ): 1) crystals with layer-by-layer step-like octahedral zoning (samples #49 and #5; Figs. 6A, B); 2) crystals with sectorial structure of almost the entire volume of the crystal (samples #1 and #2; Figs. 6C, D); 3) crystals with sectorial-zonal structures consisting of a cubo-octahedral core (up to 20% of the crystal volume) and octahedrally zonal marginal areas (samples #36, #35 and #4; Figs. 6E, F, G). During the final stage of evolution, each of the diamond crystals, regardless of its internal structure, was transformed into a rounded dodecahedral crystal as a result of resorption.
RESULTS
The
Results of the local IR analysis of zonal diamond crystals from the Northern Urals are presented in Table  2 . Diamond crystals with octahedral zoning (samples #49 and #5) have the lowest nitrogen contents and a rather uniform distribution of nitrogen in the volume of a crystal. In contrast, samples with sectorial and zonalsectorial structures show differences of the nitrogen content in different areas of a crystal. This subject is discussed in detail in the following section.
DISCUSSION
Temperatures and stages of diamond formation
As can be seen from Figures 2, 3 and 4, the diamond crystals examined fall into two distinct groups on the basis of concentration of nitrogen A centers: 1) Diamond crystals from the kimberlite pipes Lomonosov, Karpinsky-1 (low-nitrogen population), Yermakovsky-7, all small (-1 mm) diamond crystals and octahedral crystals with trigonal faces from the Lomonosov deposit, diamond crystals from placers of Northern and Middle Timan, and population-I diamond crystals from Middle Uralian placers (Fig. 4) ; all these occurrences belong to Group-2 medium-nitrogen diamond identified in Kaminsky & Khachatryan (2001) . 2) Large crystals of diamond from the pipes Pomorskaya, Arkhangelskaya and Karpinsky-1 (high-nitrogen population), and population-II diamond crystals of the Middle Urals; these crystals belong to Group-3 high-nitrogen diamond identified in Kaminsky & Khachatryan (2001) . Most of the large crystals from the Lomonosov deposit differ from diamond from Timan and Uralian placers in having relatively high concentrations of hydrogen and low modal abundances of aggregated nitrogen (B centers).
These nitrogen peculiarities relate to specific internal structural features of these diamond crystals, which reflect the multistage character of their formation. Diamond crystals of the Lomonosov deposit are characterized by a higher-than-average proportion of crystals with normal or combined mechanisms of growth. Flatfaced octahedral macrocrystals are quite rare (Zakharchenko et al. 1993) . In contrast, Uralian crystals, according to data reported in Genshaft et al. (1977) , Gurkina (1980) and Beskrovanov (1992) , are characterized by octahedral zoning resulting in the tangential mechanism of growth.
The diagram proposed by Taylor & Milledge (1995) allows us to estimate the temperatures of formation of all diamond crystals from the deposits included in this study. We assume that the "mantle residence time" is the same in all cases, and we have taken a conservative figure of about 3.0 Ga. According to this estimate, the formation of diamond macrocrystals from pipes of the Lomonosov deposit took place in the range 1080-1090°C, and that of diamond microcrystals, at approximately 1125°C, i.e., almost 40°C higher (Fig. 5) . However, these observed differences, for octahedral microcrystals and macrocrystals of diamond with trigonal faces and large dodecahedroids, may be related to kinetic factors. In some cases, the degree of nitrogen aggregation (% N B ) may disagree with actual values of temperature of crystallization. This issue is treated below in greater detail.
Nearly identical temperatures of formation (approximately 1200°C) were obtained for diamond from placers of Northern and Middle Timan (Fig. 5) . Estimated temperatures of formation of diamond from the Northern and Middle Urals (population II) are close to those of diamond crystals from pipes of the Lomonosov deposit, and diamond crystals from the Daldyn-Alakit area in Yakutia. Middle Uralian diamond crystals of population I are similar in this respect to diamond crystals from the Coromandel area in Brazil (Fig. 5) .
Distribution of nitrogen centers in zoned crystals and the problem of thermometry of "non-equilibrium" diamond
Most of the crystals studied were analyzed as a single entity, such that data on concentrations of nitrogen impurity were integral, characterizing the average amount of optically active centers in the whole crystal. However, it is well known that crystals with zonal and zonalsectorial internal structures are common (e.g., Takagi & Lang 1964 , Orlov 1963 , Gurkina & Miuskov 1971 , Lang 1974 , Milledge et al 1989 .
More than an order-of-magnitude variation in nitrogen concentrations and in degree of nitrogen aggregation in diamond crystals has repeatedly been observed (Klyuev et al. 1969 , Sobolev 1974 , Suzuki & Lang 1976 , Taylor et al. 1995a , b, Davies et al. 1999 , Hauri et al. 1999 . In general, those investigators related such differences to variations in nitrogen and carbon isotope composition. In our opinion, variations of nitrogen content and its aggregation are related to internal structural features of the crystals.
As was shown by Patel & Patel (1969) , Tolansky (1974) and Bokii et al. (1986) , the most common internal structure of diamond crystals is octahedral zoning, formed as a result of tangential, layer-by-layer growth. This structure can be taken as an indicator of equilibrium conditions of diamond formation. This type of diamond is represented in this study by crystals #49 and #5 from the Northern Urals (Figs. 6A, B) .
On the basis of the internal structural features in cubic diamond crystals, Moore & Lang (1972) proposed an alternative model, involving a normal mechanism of growth, which, they suggest, occurs by infilling of space left by a branching columnar structure. Evidence of normal growth, where found in a diamond, indicates that the crystal formed in a strongly oversaturated medium, with a high rate of growth, i.e., under non-equilibrium conditions (Bokii et al. 1986 ).
Rather commonly, diamond crystals demonstrate a combined mechanism of growth (a combination of the tangential and normal modes of growth), which is usually exhibited as a sectorial structure. This type of diamond is represented in this study by crystals #1 and #2 (Figs. 6C, D) , and it is also evident in the core of crystals #36, #35 and #4 (Figs. 6E, F, G) . Diamond crystals #1 and #2 apparently grew entirely through the combined mechanism of growth, i.e., under mainly nonequilibrium conditions. In crystals #36, #35, and #4, the central (core) zones have sectorial structures, which means that they formed as a result of combined mechanism of growth. The subsequent overgrowth of layers of the octahedral faces upon the central cubo-octahedral zones indicates that the final stage of growth was characterized by equilibrium conditions.
As is known from IR spectroscopic studies of diamond, crystals with normal and combined modes of growth are characterized by a higher-than-average content of hydrogen, with maximum concentrations usually confined to central zones of the crystal (Orlov et al. 1978 , Bokii et al. 1986 , Plotnikova & Klyuev 1986 , Blinova 1987 .
As can be seen from Table 2 , diamond crystals with octahedral zoning (samples #49 and #5) are characterized by the lowest nitrogen contents, and have a rather uniform distribution of %N B , N tot and hydrogen. A determination of temperature of formation using the method proposed in Taylor & Milledge (1995) reveals no difference between the core and the marginal zones in these crystals (Table 2, Fig. 6 ).
In contrast, samples with sectorial and zonal-sectorial structures demonstrate a paradoxical relationship between temperatures of formation for the central and marginal zones of the crystals. For these cases, the temperature of formation calculated for the core is 15-50°C lower than that estimated for the marginal zones of these crystals. It is a small difference, but it demonstrates an obvious trend of increasing temperature of formation from the core to the rim. However, even provided that the temperature of the environment may have increased during the latter stages of growth, the temperature of formation of the outermost zone of a crystal plays an important role in imposing an annealing temperature for all the internal zones of this crystal. Hence, the temperature of formation of the outer (marginal) zone cannot be higher than that of the internal zones of the same crystal, as appears to be the case in samples #35, #4, #1 and #2 (Table 2) .
In our opinion, the distribution of nitrogen centers in crystals with layer-by-layer octahedral (tangential) zoning, which reflects slow crystallization under subequilibrium conditions, can also be considered as an equilibrium, reflecting an actual dependence on temperature of formation. Unlike crystals of this sort, those with predominantly normal or combined mechanism of growth are characterized by a high rate of crystallization, probably higher than the rate of aggregation of nitrogen atoms. The zonal distribution of nitrogen impurities indicates that the aggregation of nitrogen may have occurred (at least partly) in the course of diamond crystallization. Table 2 .
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As a result, for the cases of predominantly normal or combined mechanism of growth, we obtain non-equilibrium, i.e., lower than actual modal amounts of nitrogen B centers and, respectively, lower than realistic values of temperature of formation. In general, the influence of kinetic factors on the constitutional characteristics of a mineral during the process of formation is significant. For example, with feldspars, albite in lowtemperature, hydrothermal-metasomatic rocks is represented by its completely disordered, "high-temperature" modifications (Rusinov 1965) . High albite forms as a result of metastable crystallization within the stability field of the low-temperature polymorph (low albite), with a rate of crystallization significantly higher than the rate of structural ordering.
To summarize, temperature values determined by IR spectroscopy are only realistic values for those crystals that grew under equilibrium conditions. For crystals with normal and combined mechanisms of growth, temperature values calculated from IR data may be unrealistic, as they also depend on the kinetics of the crystallization process.
The problem of thermometry for "small" crystals of diamond
Taking into account the above discussions and limitations on thermometry of "non-equilibrium" crystals of diamond, it should be noted that our previous assumption regarding the sequence of formation of diamond crystals from the Arkhangelsk region (Kaminsky & Khachatryan 2001) should be interpreted as being tentative. We have deduced, from the distribution of nitrogen centers in diamond crystals, that temperatures of formation of microcrystals of diamond from the Lomonosov deposit are higher than those of macrocrystals (+1 mm) from the same deposit. This view is contrary to the opinion of some other investigators, as deduced from the results of detailed examination of crystal morphology (cf. Garanin & Posukhova 1995) .
As was noted above, many of the +1 mm dodecahedroids formed through combined and normal mechanisms of growth. Therefore, the temperature of formation calculated from IR data may be lower than real, in contrast to those temperatures determined for octahedral macro-and microcrystals. There is no doubt that this problem warrants further investigation, which must include detailed examination of both the internal structure and the composition of mineral inclusions in microcrystals of diamond at Arkhangelsk.
